Growth kinetic analyses of Borrelia burgdorferi indicated that this bacterium can utilize a limited number of carbon sources for energy: the monosaccharides glucose, mannose, and N-acetylglucosamine, the disaccharides maltose and chitobiose, and glycerol. All of these carbohydrates are likely to be available to B. burgdorferi during infection of either vertebrate and arthropod hosts, enabling development of a model describing energy sources potentially used by the Lyme borreliosis spirochete during its natural infectious cycle.
Introduction
While Lyme borreliosis (Lyme disease) is a significant threat to human health in many parts of Europe, North America, and other parts of the globe, very few studies have been conducted to elucidate the metabolic properties of the causative agent, Borrelia burgdorferi. Such basic biological information may be useful in not only increasing the understanding of B. burgdorferi pathogenesis, but also in design of improved therapies for treatment of Lyme borreliosis.
B. burgdorferi is an obligate parasite, persisting in nature only by infecting vertebrates and certain species of ticks. As is often observed in other parasitic organisms, the genome of B. burgdorferi is rather small and is predicted to encode a limited number of metabolic enzymes [1, 2] . Cultivation in the laboratory is possible only with complex media that include undefined components, such as yeast extract [3, 4] . Elimination of any of those undefined constituents results in significant inhibition of B. burgdorferi growth.
Previously-conducted metabolic studies of this bacterium concluded that it is an auxotroph for adenine, spermidine and N-acetylglucosamine (GlcNAc), although the disaccharide chitobiose may substitute for GlcNAc [4] [5] [6] . Studies conducted in the 1960s on the related bacterium B. recurrentis (formerly Spirochaeta recurrentis) demonstrated the presence of enzymes for Embden-Meyerhof fermentation of glucose to lactic acid [7] [8] [9] [10] . Only one glycolytic enzyme of B. burgdorferi, the pyrophosphate-dependent phosphofructokinase, has been characterized in detail [11, 12] . Radiolabeling studies with the related B. hermsii using 14 C-glucose found incorporation into the glycerol components of phosphatidylcholine and other membrane constituents [13] . Consistent with those biochemical 0378 characterizations, analysis of a B. burgdorferi genome sequence revealed homologs of all glycolytic pathway enzymes, some components of the pentose phosphate cycle, but none for oxidative phosphorylation or gluconeogenesis [1, 2] . Those genomic analyses also indicated numerous homologs of carbohydrate transporters. Based upon similarities with characterized carbohydrate transporters of other bacteria, it was predicted that B. burgdorferi can utilize a broad range of carbon sources [1] . To better understand the metabolism of the Lyme borreliosis spirochete, we assessed its ability to grow in media containing a variety of carbohydrates. Our results demonstrated that there are actually very few carbohydrates capable of supporting B. burgdorferi growth.
Materials and methods

Bacterial strains
The B. burgdorferi type strain B31 was originally cultured from an infected Ixodes scapularis tick collected on Shelter Island, New York [14] . All experiments were performed with a subculture of strain B31 that is infectious to both mammals and ticks, and has a low in vitro passage history [15] . The genome of this subculture was recently sequenced [1, 2] .
Media preparation
A modified version of a standard B. burgdorferi culture medium, Barbour-Stoener-Kelly II (BSK-II) [4] , was produced that lacked any specifically added carbohydrates. This sugar-free medium, which we designated BSK-Lite, is identical to BSK-II excepting the omission of free glucose and the use of glucose-free CMRL 1066 (product number C5900-02, United States Biologicals, Swampscott, MA). Carbohydrate solutions were prepared at 20% (w/v) in distilled water, sterilized by passage through a 0.2 lm filter, and individually added to BSKLite to final concentrations of 0.4% (w/v, or v/v in the case of glycerol). This concentration was used since it is the concentration of glucose specifically added to BSK-II [4] , and is in excess of carbohydrate concentrations likely to be encountered during mammalian infection [16] [1] , it is highly unlikely that B. burgdorferi, as an obligate parasite of vertebrates and ticks, would ever encounter that cellulose derivative in nature. Research on those genes suggests they actually encode a transporter for chitobiose, the disaccharide building block of arthropod chitin [5, 17] . For these reasons, we did not test the ability of cellobiose to support B. burgdorferi growth.
Growth assays
B. burgdorferi was initially cultivated in complete BSK-II medium to mid-exponential phase (approximately 1 · 10 7 bacteria/ml). Aliquots were then diluted 1:100 into tubes of BSK-Lite plus each tested carbohydrate. As controls, bacteria were also inoculated into BSK-Lite without any added carbohydrate, and into complete BSK-II. Total numbers of intact bacteria in each culture were counted every 24 h using a PetroffHausser counting chamber and dark-field microscopy. Every carbohydrate was independently analyzed two times. Those carbon sources that supported growth during the initial two studies were further analyzed at least one additional time.
Genomic analyses
Initial analysis of putative carbohydrate metabolism genes was based upon the annotation provided for B. burgdorferi strain B31 by Fraser et al. [1] and the web site http://www.tigr.org/tigr-scripts/CMR2/GenomePage3.spl?database=gbb. Identified open reading frames (ORFs) were compared with genes of other organisms using BLAST-P analysis of public databases through the web site http://www.ncbi.nlm.nih.gov/blast/. Additionally, sequences of proteins with known functions in other organisms were specifically compared with the B. burgdorferi B31 database through the web site http://tigrblast.tigr.org/cmr-blast/.
Results
A significant complication of performing growth kinetic assays of a fastidious organism, such as B. burgdorferi is the necessary complexity of the culture medium. While these bacteria require addition of GlcNAc for cell wall synthesis, that compound can also serve as an energy source (see below). Other essential medium components, such as yeast extract, neopeptone, and rabbit serum, contain carbohydrates that may be utilized for energy production. Elimination of any of those ingredients results in significant inhibition of bacterial growth [4] , which could possibly mask results of growth kinetic studies. For these reasons, BSK-Lite, a modified medium that eliminated all specifically added carbohydrates, was utilized as a base medium for the present studies. As described below, this medium was suitable for discrimination of carbon sources capable of supporting B. burgdorferi growth.
Presumably because of the unavoidable carbohydrates, B. burgdorferi was capable of growth in BSKLite without additional carbohydrate (Fig. 1) . Bacteria grew for approximately three days before culture densities abruptly stabilized, apparently due to depletion of energy sources. However, inclusion of any of several carbohydrates resulted in bacterial culture densities that significantly superceded those observed when using plain BSK-Lite (Fig. 1) . In contrast, many other carbohydrates did not support bacterial growth any better than did unsupplemented BSK-Lite. We therefore defined a carbohydrate as being utilized for growth by B. burgdorferi if it supported culture densities greater than twofold higher than did BSK-Lite without added carbohydrate ( Table 1) .
The standard culture medium used for growth of B. burgdorferi, BSK-II, contains glucose as the added carbon source [3, 4] . As expected, addition of glucose to BSK-Lite yielded culture densities comparable to those obtained when using standard BSK-II (Fig. 1) . Maltose, a disaccharide of glucose, also supported B. burgdorferi growth, indicating that this bacterium produces an aglucosidase.
Supplementation with mannose, glycerol, GlcNAc and the GlcNAc disaccharide chitobiose consistently resulted in final culture densities comparable to those obtained in either BSK-Lite plus glucose or in standard BSK-II. It is therefore concluded that B. burgdorferi expresses transporters and enzymes for utilization of these alternative energy sources. 
a Defined as greater than twofold higher final culture density relative to unsupplemented BSK-Lite (+), or culture density levels equal to those achieved in unsupplemented BSK-Lite (À).
Although analysis of the B. burgdorferi genome suggested that it encodes homologs of galactose, fructose, and ribose transporters [1] , none of those sugars supported bacterial growth. None of the other tested carbohydrates enabled growth at levels exceeding those obtained from unsupplemented BSK-Lite.
Discussion
The Lyme borreliosis spirochete has long been known as a fastidious organism, with cultivation possible only in complex media. The reason for this became obvious upon sequence analysis of a B. burgdorferi genome, which revealed homologs of very few metabolic enzymes [1] . It appears that this bacterium is unable to synthesize amino acids, nucleotides, fatty acids, or most other cellular building blocks. Previous biochemical studies were supported by genomic data suggesting fermentation of sugars to lactate, and the absence of both a citric acid cycle and oxidative phosphorylation. The present metabolic studies determined that B. burgdorferi is capable of utilizing only a small number of different carbohydrates as energy sources, consistent with the general paucity of enzymes encoded by the spirochete. Fig. 2 indicates the probable metabolic pathways by which these carbohydrates are utilized for energy and for synthesis of cellular components.
The B. burgdorferi genome sequence indicates three probable phosphotransferase system (PTS) glucose transporters (Fig. 2) . This apparent redundancy suggests that glucose is a major energy source for B. burgdorferi, not altogether surprising considering the parasitic nature of this organism. A recent study demonstrated that deletion of one of the putative glucose transporters, malX2, resulted in a slight inhibition of growth in culture [18] , consistent with the predicted overlap in transporter function.
B. burgdorferi appears to also contain a fourth, non-PTS glucose transporter, homologous to the Mgl transporter of Escherichia coli (Fig. 2) . The E. coli Mgl system is a high-affinity glucose transporter that can also transport methylgalactose and other sugars [19] . It was this latter characteristic of the E. coli Mgl system that led to annotation of the B. burgdorferi system as a potential galactose transporter [1] . The present studies suggest that the previous annotation is incorrect, as we were unable to find evidence that B. burgdorferi can utilize galactose for energy. The existence of a non-PTS glucose transporter in B. burgdorferi is supported by the earlier biochemical characterization of glucokinase activity in the related spirochete B. recurrentis [8, 10] . Blast-P analyses of the B. burgdorferi genome sequence indicated strong similarities between ORF BB831 and the proven glucokinase enzymes of Streptomyces coelicolor (P = 7.5 · 10 À16 ) [20] and Thermotoga maritima (P = 9.5 · 10 À12 ) [21] . ORF BB693 exhibits slightly lower degrees of similarity with those glucokinases. While both ORFs were originally annotated as encoding putative xylose operon regulatory proteins [1] , sugar kinases and transcriptional repressors often share significant homology [22] . The inability of B. burgdorferi to grow in xylose-containing media also supports the notion that both BB831 and BB693 were initially annotated incorrectly.
B. burgdorferi grew quite well on medium containing maltose, confirming that this bacterium encodes an enzyme for breakdown of glucose polysaccharides. ORF BB166 encodes a protein with significant similarity to such enzymes (Fig. 2) . Probable natural sources of aglucosides are glycogen obtained from tissues within vertebrates hosts and from ingested blood within the tick vector.
The only other hexose found to support B. burgdorferi growth was mannose, with mannose-modified host proteins as likely natural sources of this sugar. Many characterized bacteria import mannose through a PTS transporter, and we note that B. burgdorferi encodes two separate, single-subunit PTS sugar transporters encoded by ORFs BB408 and BB629 (Fig. 2) . One or both of these transporters may function to bring mannose into the cell. Additionally, several characterized E. coli sugar transporters exhibit loose specificity in the carbohydrates they are able to import [23] , raising the possibilities that these B. burgdorferi transporters may import more than just one type of sugar, and that other transporters may also import mannose. Genetic analyses, involving deletion and complementation of the six predicted B. burgdorferi PTS transporters, will be required to confirm each systemÕs substrate specificity.
GlcNAc is an essential component of artificial media for cultivation of B. burgdorferi [3, 4] . Genomic analysis suggests this is due to inability of the organism to synthesize GlcNAc de novo (Fig. 2) . While this molecule is a building block of cell wall peptidoglycan, the present studies demonstrated that GlcNAc can also serve as an energy source, presumably following the catabolic pathway delineated in Fig. 2 . Many other bacteria import GlcNAc into the cell through glucose PTS transporters [23] , as may also be the case with B. burgdorferi.
The finding that chitobiose, a disaccharide of GlcNAc, can likewise substitute for glucose to support growth of B. burgdorferi supported and extended upon earlier studies. It was previously demonstrated that chitobiose can substitute for GlcNAc in BSK-II medium [5] , indicating that the spirochete can effectively transport chitobiose and cleave it into monosaccharides for use in cell wall biosynthesis. Tick cuticle is comprised of chitin, polymers of GlcNAc/chitobiose, leading to a hypothesis that chitobiose transport and catabolism play roles during tick infection [5] . Previous character-ization of ORFs BBB04, BBB05, and BBB06 strongly suggested that these genes encode the chitobiose PTS transporter ChbCAB (Fig. 2) [5, 17] . Disruption of this probable transporter did not disrupt ability of B. burgdorferi to infect ticks and mammals [17] , suggesting that this source of energy is redundant to other catabolites. It is possible, however, that energy provided by chitobiose enhances survival of the bacteria during tick-associated stages.
Glycerol can also serve as an energy source for B. burgdorferi, presumably being acquired from host blood. However, glycerol catabolism yields only one ATP per molecule, as opposed to two ATPs per hexose. This suggests that glycerol is more likely to be used for phospholipid and lipoprotein synthesis than as an energy source in nature.
No other tested carbohydrate was capable of supporting B. burgdorferi growth. Although annotation of the B. burgdorferi genome suggested the presence of transporters for both galactose and fructose [1] , the present studies strongly suggest that those annotations are incorrect. It should be remembered that original annotation of the B. burgdorferi genome was performed by in silico comparisons between its ORF sequences and those of proteins with known or postulated functions from other organisms [1] . Biological analyses of those predicted functions needs to be performed before one can conclusively attribute function to any ORF product. For example, B. burgdorferi ORFs BBB04, BBB05 and BBB06 were initially annotated as encoding a cellobiose transporter, based on their similarity with such transporters [1] , while subsequent laboratory studies suggest that those ORFs actually encode a chitobiose transporter. As B. burgdorferi and well-characterized bacteria, such as E. coli are separated by untold millions of years of evolution, divergences in protein specificity or domain linkage are bound to have occurred. Thus, while the possibility remains that B. burgdorferi may utilize sugars, such as galactose or fructose under certain conditions in nature, it is important to note that there are no metabolic or biochemical data to support such hypotheses.
Earlier genomic analysis also suggested that ORFs BB677, BB678 and BB679 may constitute a ribose transporter, based on similarities with both the E. coli Rbs and Mgl transporters [1] . Although our analyses indicated that B. burgdorferi cannot utilize ribose as a sole carbon source, it remains possible that the B. burgdorferi system may transport ribose for other uses. Examination of the B. burgdorferi genome sequence revealed that the spirochete encodes homologs of only part of the pentose-phosphate pathway, wherein glucose can be used to produce ribose, but ribose cannot be metabolized to form glucose or any other energy-producing molecule (Fig. 2) . Thus, any ribose transported into the bacterial cell could be utilized only for nucleic acid synthesis and not for energy production.
Our study represents the first analysis of carbohydrate utilization by B. burgdorferi, enabling construction of a model describing possible sources of energy throughout the bacterial infectious cycle. In nature, the Lyme borreliosis spirochete undergoes a period of rapid growth during transmission from a feeding tick to a vertebrate host [24] [25] [26] . At that time, serum glucose and glycerol, along with mannose, GlcNAc and glucose polysaccharides associated with ingested host blood cells, provide energy to the growing bacteria. Chitobiose from the tick cuticle may provide additional energy and/ or GlcNAc. Within the infected vertebrate, glucose, glycerol, mannose, GlcNAc, and glucose polymers continue to serve as energy sources for bacterial maintenance, as well as providing building blocks for peptidoglycan, phospholipids, lipoproteins, and nucleic acids. Those same carbohydrates fuel the bacteria during transmission from host to naïve, feeding ticks, with ingested blood providing nutrients during tick colonization. Mutagenesis of genes encoding specific transporters and catabolic enzymes will test this model and enable determination of the relative importance of each carbohydrate in the B. burgdorferi pathogenic cycle.
